We present a noise free and deterministic dynamic model to study the dynamics of the contact line of an adhesive tape during peeling process. The adhesive tape is wrapped around a disk and is pulled with a constant speed at a xed distance. In a narrow range of the pull speed, the angular speed of the contact line exhibits stick-slip behaviors with irregular bifurcations, which is then followed by the appearance of a period one stick-slip motion before displaying chaotic behaviors with distinctively positive Liapunov exponents. 
Peeling is a particular type of fracture and has been studied for quite some time in engineering community. 1] Early studies go back to Bickermann 2] and Kaeble 3] and others 4], who considered the adhesive tape mainly as a Hookean solid object and computed the rupture energy. Such an approach is useful as a rst approximation, but is awfully incomplete because the sticky uid between the tape and the surface is not an elastic material but de nitely contains viscous element. Recently several attempts, both theoretically and experimentally, have been made to study the dynamics of the contact line of an adhesive tape during the peeling process. We nd such observations particularly interesting and signi cant because it suggests that the chaotic motion of the contact line might not be due to the randomness or noise in the material, but is an intrinsic property inherent in the peeling process and is deterministic. It has dynamical origins and thus is dynamical chaos. 8] The purpose of this Letter is two fold; rst we present a dynamic model for the peeling, and second, we show the existence of chaotic dynamics in the front speed of the contact line during peeling process.
To the best of our knowledge, apart from experimental evidences 5, 7] , this is the rst theoretical work that has convincingly proved the existence of chaotic behaviors in failure dynamics. While one might argue that long range correlations in dynamics fracture is lacking in peeling due to its exclusive focus on the contact line, we nevertheless conjecture that such chaotic dynamics is the underlying reason for the dynamic oscillations of the propagating crack in brittle materials. 9] Since such a stick-slip motion is quite common in other systems involving materials failure, such as tearing 10], granular dynamics, 11], fracture instability in a viscoelastic medium 12] and the earth-quakes 13], the result of the present study might provide a new insight in our search for a new paradigm in failure dynamics.
Equations of motion for peeling: In his unpublished report 5], Maugis has presented dynamical equations for his experiment without analysis together with his data. Our derivation of the dynamic equations for the contact line is essentially identical to his except our modi cation in the work-energy theorem, which seems to be crucial but has escaped his attention. The system ( 
In the limit, l >> R, the above equations (1)- (4) can be simpli ed as follows:
Complete theory must include the derivation of the peel force, F o (v), from a microscopic view point. Such a task is not easy and hence we proceed based on a few physical and experimental observations. First, it has been argued in a recent paper 14] that one of the generic features in failure dynamics is the multivalued nature of the peel force F o (v).
The underlying physics is quite simple: since it requires a threshold to peel o the tape, the process is distinctively hysteric. Suppose the threshold force is . It is then obvious that one can not initiate the peeling process with 6b)), after which the accumulated stress near the contact line is released and the speed decreases as the front keeps fracturing. When the speed of the contact line reaches the point C, the fracture process stops because there is not enough stress and the speed of the front drops to a value D and the cycle repeats. When there are only two dynamic variables, then the relaxational oscillation should be smooth with a period one cycle. Note, however, that since the dynamic equations for the peeling considered here have more than two variables, this two dimen-sional picture is incomplete in the sense that the limit cycle does not necessarily need to be closed after a one period. In fact, our simulation results indicate that such cycles close after a few turns even for right near the onset of instability, V o = 0:11. In Fig.(3a-b) are displayed such stick-slip process for (a) the peel force F, and (b) the angular speed, !, as a function of time. The peel force exhibits a behavior typical in stick-slip process; initial rise with several interruptions and then a sharp drop. Such basic cycles repeat over time. The peel angle and the angular speed are strongly correlated and move back and force with decreasing amplitude while the peel force keeps rising. The amplitudes of and ! then rise suddenly as the peel force drops, but decrease slowly again as the peel force rises to a local maximum. Note that while the sudden increase and decrease in the peel angle and the angular velocity are associated with sudden change in the peel force, the maximum displacement in the peel angle does not occur at the time when the force reaches its peak value. There is a de nite phase di erence between the two. In addition, while the force still increases(or decreases), the peel angle changes from positive to negative value in quite a short period. The delay in the response seems to be due to the fact that the force is being transmitted through an elastic ribbon. Such patterns persist for V o up to 1.0 beyond which suddenly a cycle of nearly period one appears as shown in Fig.4 .(Only the data for the pull force is shown). In order to understand the physical origin of such stick-slip behavior, we go to the extreme limit where the sticky uid is purely viscous. In this case, this problem reduces to the directional viscous ngering problem 15], for which it is known that the pressure pro le inside the uid has a local minimum right near the interface, which rises and then falls to the atmospheric value deep inside the uid. Based on the knowledge of the pressure pro le inside the uid, we have shown that F o (v) has a mountain-shaped curve as a function of v, which is indeed a multivalued function. Within this picture, we expect that when the upper part of the uid is pulled, the region of the local pressure minimum fails rst forming a bubble, which then spreads out moving toward the contact line. Thus, relatively less stress is required to fail the interface, and when it fails, due to the presence of a bubble, the whole region fails and the interface suddenly moves back. Such formation of a bubble near the contact line was (Fig.6 ) In all these cases, 1 's are distinctively positive, a de nite signature that the signals are indeed chaotic. We have examined all the known scenarios of the route to chaos 18], but there does not seem to exist a well de ned route to chaos such as period doubling or intermittency in this case.
We note, however, that the most important aspect of this study is the convincing evidence of a deterministic and noise-free chaotic behavior in failure dynamics, in particular in the context of peeling dynamics. 
